Karyotypes of three accessions of Hordeum chilense (H1, H16 and H7), Hordeum vulgare and Triticum 25 aestivum were characterized by physical mapping of several repetitive sequences. A total of fourteen 26 repetitive sequences were used as probes for fluorescence in situ hybridization (FISH) with the aim of 27 identifying inter-and intra-species polymorphisms. The (AG)12 and 4P6 probes only produced 28 hybridization signals in wheat, the BAC7 probe only hybridized to the centromeric region of H. vulgare, 29 and the pSc119.2 probe hybridized to both wheat and H. chilense, but not to H. vulgare. The remaining 30 repetitive sequences used in this study produced a hybridization signal in all the genotypes. Probes pAs1, 31 pTa535, pTa71, CCS1 and CRW were much conserved, showing no significant polymorphism among the 32 genotypes studied. Probes GAA, (AAC)5, (CTA)5, HvT01 and pTa794 produced the most different 33 hybridization pattern. We identified large polymorphisms in the three accessions of H. chilense studied, 34 supporting the proposal of the existence of different groups inside H. chilense species. The set of probes 35 described in this work allowed the identification of every single chromosome in all three species, providing 36 a complete cytogenetic karyotype of H. chilense, H. vulgare and T. aestivum chromosomes, useful in wheat 37 and tritordeum breeding programs. 38 39 40 41 42 43 44 45 46 47 48 75 76 Hordeum chilense, and the genus Hordeum in general, has been characterized by FISH using several 77 repetitive sequences. However, most of the repetitive probes used in this genus were aimed at identifying 78 the 7 pairs of Hordeum chromosomes, and more repetitive sequences are required to identify individual 79 4 chromosome arms or smaller regions introgressed into wheat, which ultimately, is the goal in most 80 introgression breeding programs.
49
Introduction 50 Hordeum chilense Roem. et Schultz. (2n = 2x = 14;  H ch H ch ) is a diploid wild barley, native of Chile and 6 at 37°C for 45 min with streptavidin-CY3 (Sigma) and antidigoxigenin-FITC (Sigma) in 1x phosphate 137 buffered saline (PBS), respectively (Table 1) . Slides were then washed in TNT for 5 min and dehydrated 138 in 70% and 100% ethanol for 1 min. After counter-staining with 4', 6-diamidino-2-phenylindol (DAPI) for 139 5 min, slides were washed in water for 5 min, dehydrated again and mounted in Vectashield (Vector 140 Laboratories, Burlingame, CA, USA). In tritordeum "HT27", all chromosome spreads were re-hybridized 141 following the reprobing method of Heslop-Harrison et al. (1992) , in order to identify the H. chilense 142 chromosomes in the wheat background. 
147
The ideogram for H1, H16, H7, H. vulgare and T. aestivum chromosomes was based on the 148 hybridization patterns of the probes used in this work and the morphology of chromosomes previously 149 described (Cabrera et al. 1995; Pedersen and Langridge 1997; Prieto et al. 2004; Kato 2011; Szakács et al. 150 2013; Komuro et al. 2013; Tang et al. 2014 ).
152

Results
153
Repetitive sequences hybridized to mostly terminal and interstitial regions: pAs1 and pTa-535
154
The pAs1 probe is a repetitive DNA sequence isolated from Aegilops tauschii Coss. (formerly known 155 as Ae. squarrosa L.) (Rayburn and Gill 1986) . The pTa-535 is a 342-bp tandem repeat isolated from T. 7 and 4H ch exhibited weaker signals than the rest of the chromosomes; while in H. vulgare, chromosomes
164
3H v , 4H v and 5H v exhibited the weakest signals ( Fig. 1 ).
165
In wheat, both probes mainly hybridized to both chromosome arms in all D genome chromosomes as 166 previously described (Rayburn and Gill 1986; Komuro et al. 2013) . Signals were also predominantly 167 telomeric and subtelomeric, as was observed in the Hordeum analysed. Some chromosomes from the A and 168 B-genomes occasionally hybridized to both probes, but these signals were weak and unsteady, so only D-169 genome chromosomes were identified in this work. 
174
Hybridization signals with both pSc119.2 and HvT01 were polymorphic in all plant material analyzed in 175 this study (Figs. 2, 5) .
176
In H. chilense H1, six pairs and seven pairs of chromosomes were hybridized to pSc119.2 and HvT01, 177 respectively ( Fig. 2 ). Probe pSc119.2 did not hybridize on chromosome 3H ch , and the signals produced on 178 chromosome 7H ch were weak (Fig. 2) . The pSc119.2 signals were detected on the short arm of 1H ch , 2H ch , 179 5H ch and 7H ch (1H ch S, 2H ch S, 5H ch S and 7H ch S), on the long arm of 6H ch (6H ch L) and on both arms of 4H ch 180 ( Fig. 2) . Probe HvT01 was detected on 2H ch S, 4H ch S, 5H ch S, 6H ch L and 7H ch S, and on both arms of 1H ch 181 and 3H ch (Fig. 2) . In H. chilense H16, four pairs of chromosomes were labelled with pSc119.2 and HvT01 182 ( Fig. 2 ). The pSc119.2 signals were detected on 1H ch S, 5H ch S, 6H ch L and on both arms of 4H ch (Fig. 2 ).
183
The HvT01 signals were detected on 3H ch S, 4H ch S, 6H ch L and on both arms of 5H ch (Fig. 2) . In H. chilense 184 H7, both repetitive sequences (pSc119.2 and HvT01) were detected on 3 pairs of chromosomes ( Fig. 2 ).
185
The pSc119.2 signals were observed on 5H ch S and on both arms of 1H ch and 4H ch (Fig. 2) . The HvT01 186 signals were detected on 3H ch S, 4H ch S and 5H ch S (Fig. 2) . The HvT01 signals obtained in H1 and H7 agreed 
205
The GAA sequence was abundant in all the analysed species, allowing for the identification of all
206
Hordeum chromosomes and all the wheat B-genome chromosomes (Figs. 3, 5) . This probe predominantly 207 hybridized to interstitial and pericentromeric regions, with some distal signals in some chromosomes. In H. 208 chilense H1, several pericentromeric signals were detected on chromosomes 3H ch and 7H ch , and several 209 interstitial signals on 4H ch S and 2H ch S. Chromosome 1H ch L was the only chromosome showing a strong 210 terminal signal. Chromosome 5H ch S and 7H ch S showed occasionally a weak interstitial and telomeric signal, 211 respectively. In H. chilense H16, the hybridization pattern was slightly different to H1. Chromosomes 6H ch 212 and 7H ch showed several pericentromeric and centromeric signals, chromosome 4H ch S and 5H ch L showed 213 several interstitial signals and chromosome 2H ch L showed a strong interstitial signal. Chromosomes 1H ch L 214 and 3H ch L showed a strong terminal signal. Chromosomes 1H ch S and 4H ch S showed occasionally a weak 215 telomeric signal, and 2H ch L and 7H ch L a weak interstitial one (Fig. 3) . Hordeum chilense H7 showed less 216 signals than H1 and H16. Chromosomes 2H ch , 3H ch , 4H ch , 5H ch and 6H ch showed several pericentromeric 217 signals, and chromosomes 4H ch S and 7H ch S showed several interstitial signals. Chromosome 2H ch L showed 218 a strong interstitial signal. Chromosomes 1H ch L, 3H ch L and 7H ch S showed a terminal signal (Fig. 3) . The 219 hybridization pattern detected with the GAA probe on H. vulgare was quite different to the pattern observed 220 9 in H. chilense. All chromosomes showed centromeric or pericentromeric signals, with only chromosome 221 3H v L showing a strong distal signal (Fig. 3) . As mentioned above, in wheat, the GAA probe hybridized to 222 all B-genome chromosomes, with strong signals distributed along the whole chromosomes (Fig. 5 ). All 223 chromosomes from the A-genome plus 1DS, 7DS and both arms of 2D, also showed some GAA signal, but 224 the number and intensity were much lower than the ones observed in the B-genome (Fig. 5) . The GAA 225 signals pattern agreed with the one described by Pedersen and Langridge (1997) .
226
The (AAC)5 probe produced an intense signal at the centromeric region of all H1, H16 and H7
227
chromosomes. An exception was chromosomes 5H ch , which did not show any signal, and 7H ch , which only 228 showed an interstitial signal on the long arm (Fig. 3) . This probe was quite conserved in the three H. chilense 229 accessions used in this work. The only difference was on chromosome 4H ch L, which showed some 230 interstitial signals in H1 and H16 accessions, but not in H7. In H. vulgare, the (AAC)5 probe hybridized to 231 the centromeric regions of all chromosomes (Fig. 3) . In wheat, this probe hybridized to all B-genome 232 chromosomes, and it is mainly distributed around the centromeric region, although some interstitial signals 233 were also observed in some of the chromosomes (Fig. 5 ). Chromosomes 2AS, 4AL and 7AL also showed 234 (AAC)5 signals close to the centromere (Fig. 5 ).
235
The hybridization pattern of (CTA)5 was similar in H1 and H16, hybridizing both to the centromeric 236 regions of chromosomes 2H ch and 3H ch , and to 4H ch S in the case of H16 (Fig. 3 ). However, H7 showed a 237 higher number of signals, with all chromosomes except for 5H ch showing signal (Fig. 3) . In H7, signals 238 were pericentromeric on chromosomes 1H ch L, 2H ch L, 3H ch L and 7H ch L and on both arms of 4H ch . On 239 chromosome 6H ch , the signal was located at the NOR region ( Fig. 3) . Hordeum vulgare showed (CTA)5 240 signals on all chromosomes, except for chromosomes 1H v and 3H v . It hybridized to the pericentromeric and 241 subtelomeric regions on chromosomes 5H v L and 6H v S and only to the subtelomeric region on chromosomes
242
2H v L, 4H v L and 7H v L (Fig. 3) . In wheat, the (CTA)5 probe hybridized interstitially to chromosomes 2AL, 243 3AL, 5AL, 7AL and 7BL, and at the centromeric region on 2B and 3B (Fig. 5 ).
244
The 4P6 probe did not produce any signal in any of the Hordeum used in this study (Fig. S1 ). This probe 245 only hybridized to the wheat D-genome (Fig. 5 ). In wheat, signals were detected on five D-genome 246 chromosome pairs: on chromosomes 2DL, 4DL, 5DS, 6DS, and on both arms of chromosome 1D (Fig. 5 ).
247
The (AG)12 probe, as 4P6, was absent in all Hordeum species used in this work (Fig. S1 ). In wheat, 248 some signals were detected on the pericentromeric region of chromosomes 3BS, 5BS and 6BL (Fig. 5 ).
250
Repetitive sequences hybridized to ribosomal DNA: pTa71 and pTa794
251
The pTa71 probe is a 9-kb EcoRI fragment of the 18S-25S rDNA isolated from T. aestivum (Gerlach 252 and Bedbrook 1979). The pTa794 probe is a 410-bp BamHI fragment of the 5S rDNA isolated from T.
253
aestivum (Gerlach and Dyer 1980) .
254
Probe pTa71 did not show any difference among the Hordeum genotypes used in this study. Signals 255 were detected on the 2 pairs of chromosomes with nucleolar organizing regions (NOR): 5H ch S and 6H ch S 256 in H. chilense, and 5H v S and 6H v S in H. vulgare (Fig. 4) . Our results agreed with the results previously 257 published in numerous cytological studies (Cabrera et al. 1995; Szakács et al. 2013; Delgado et al. 2016) .
258
On the contrary, the pTa794 probe showed a different pattern among the Hordeum studied. In H.
259
chilense H1, H16 and H7, this probe was only detected on chromosome 5H ch S (Fig. 4 ). However, in H.
260
vulgare, signals were detected on chromosomes 2H v L, 4H v L and 7H v L (Fig. 4) . In wheat, the pTa71 probe 261 was detected on chromosomes 1BS, 6BS and 5DS, and the pTa794 probe was observed on chromosomes 262 1AS, 1BS,1DS, 5AS and 5BS (Fig. 5 ).
264
Repetitive sequences hybridized to centromeric regions: BAC7, CRW and CCS1
265
The BAC7 probe is a centromere-specific large insert clone from H. vulgare L. (Hudakova et al. 2001 ).
266
The CRW probe is a wheat centromeric retrotransposon from Ae. speltoides Tausch. and Ae. tauschii Coss. (Liu et al. 2008) . The CCS1 probe is a 260 bp region within the clone (Hi-10) isolated from B. sylvaticum 268 L. (Abbo et al. 1995; Aragón-Alcaide et al. 1996) .
267
269
The centromeric probe BAC7 (Hudakova et al. 2001 ) was specific to H. vulgare, labelling the 270 centromeres of all chromosomes (Fig. 6) . Neither H. chilense nor T. aestivum showed any signals when this 271 probe was used (Fig. 6 ).
272
The centromeric probe CRW (Liu et al. 2008 ) was detected on all chromosomes of the three accessions 273 of H. chilense (H1, H16, H7 ) and H. vulgare (Fig. 6) . However, non-specific signals were also frequently 274 observed along chromosomes (Fig. 6) . In wheat, probe CRW also hybridized to the centromeric regions of 275 all chromosomes (Fig. 6) . Unlike the genus Hordeum, signals on wheat were strong and clear, labelling 276 11 exclusively the centromeric region. Chromosomes from the D-genome showed weaker signals than A and 277 B-genome chromosomes, which is due to the fewer number of CRW copies as previously described (Liu et 278 al. 2008 ).
279
The CCS1 probe (Aragón-Alcaide et al. 1996) was also detected in H1, H16, H7, H. vulgare and T.
280
aestivum at the centromeric region (Fig. 6 ). However, as happened with the CRW probe, non-specific 281 signals were frequently observed along chromosomes (Fig. 6) . In wheat, the CCS1 pattern was the same as 282 CRW: signals were strong, labelled the centromeric region and chromosomes from the D-genome showed 283 weaker signals than A and B-genome chromosomes (Fig. 6 ).
284
Up until now, no H. chilense specific centromere probe has been described. Therefore, in an attempt to 285 identify H. chilense centromeres in the background of wheat, both probes were tested in the Tritordeum 286 line "HT27" (described in Cabo et al. 2014a ). All wheat chromosomes showed CRW and CCS1 signals as 287 expected; however, surprisingly, H. chilense chromosomes did not show any signal with any of the probes 288 ( Fig. S2 ). On the other hand, the probe (AAC)5, which hybridized around the centromeres in these species,
289
showed signals on H. chilense chromosomes in the background of bread wheat (Fig. S2 ). H. chilense (H1, H16 and H7) and H. vulgare. 580 Fig. 3. FISH patterns (a) H. chilense (H1, H16 and H7) 
